The non-aqueous chemistry of uranium has been an active area of exploration in recent decades 1, 2 . The results of these investigations paint a picture of the heaviest naturally abundant element that reflects its unique position both in the periodic table and in modern life. No other element has such a Jekyll and Hyde reputation, associated as uranium is with the potential for either a carbon-free energy supply or, alternatively, mass destruction. Beyond applications to nuclear power, future beneficial roles for uranium will be created in part by the quest of researchers to understand the properties and potential applications of uranium-containing molecules and materials. As humanity intensifies its search for carbon-neutral energy sources, the demand for enriched uranium as a fissile nuclear fuel can be expected to rise. With this comes a grand opportunity for researchers to develop new and beneficial uses for the high-purity depleted uranium produced as a by-product of nuclear isotope enrichment programmes.
fixation. Early catalysts used in the Haber-Bosch process contained uranium, demonstrating the reducing power of this element with respect to small, inert molecules such as dinitrogen 12 . One of the first actinide dinitrogen complexes was synthesized by exposure of the trivalent complex [U(N 3 N)] (1; N 3 N = N(CH 2 CH 2 NSi(t-Bu)Me 2 ) 3 ; t-Bu = -C(CH 3 ) 3 ; Me = -CH 3 ) to N 2 , producing the side-on bound dinitrogen complex [{(N 3 N)U} 2 (µ,η 2 ,η 2 -N 2 )] (2), in which the N 2 ligand is sandwiched between two trigonal monopyramidal uranium centres 13 ( Fig. 1a) . The N-N bond length of 1.109±0.007 Å is essentially that of free dinitrogen (1.0975 Å), indicating little activation in this example of a side-on coordinated dinitrogen ligand. Reduction of dinitrogen did occur in the side-on bound uranium(iv) dinitrogen pentalene complex [{(Cp*)(η 8 -1,4-(Si-i-Pr 3 ) 2 C 8 H 4 )U} 2 (µ,η 2 ,η 2 -N 2 )] (3; Cp* = η 5 -C 5 Me 5 ; i-Pr = -CH(CH 3 ) 2 ). Here, the N-N bond length of 1.232±0.010 Å is consistent with an N-N double bond resulting from partial reduction of the bound dinitrogen by the uranium centre 14 (Fig. 1b) . Several examples of end-on bound dinitrogen complexes have also been observed. The metallocene complex [(Cp*) 3 N stretching mode. The structure of 6 revealed activation of the N 2 fragment, because the N-N distance was decreased from that of free dinitro gen to 1.232±0.011 Å. The Mo-N distance of 1.773±0.008 Å is consistent with a multiple-bond interaction 16 , and the U-N distance of 2.220±0.009 Å suggests some degree of multiple bonding between the N 2 fragment and the uranium centre.
Remarkably, even cleavage of dinitrogen was achieved by treating the uranium salt [(Et 8 -calix [4] tetrapyrrole)U(dme)][K(dme)] (dme = 1,2-dimethoxyethane; Et = -CH 2 CH 3 ) with one equivalent of potassium naphthalenide in dme in the presence of dinitrogen gas 17 . The result is a mixed-valent µ-nitrido U(v/iv) complex. This result shows the ability of a highly reducing uranium centre, when properly ligated and used in combination with an external reducing agent, to reduce the strong dinitrogen triple bond completely.
The side-on coordination mode of dinitrogen typically results in a greater N-N bond activation by donation of electron density from metal-based π-symmetric orbitals into the N 2 -based π*-orbital [18] [19] [20] . Consequently, functionalization of η 2 -dinitrogen ligands by methods such as hydrogenation may be achieved more readily. The labile nature of the dinitrogen ligands in 2 and 3 may present a challenge to the synthetic elaboration of the uranium-bound N 2 ligands, although simply conducting reactions under a higher pressure of N 2 may circumvent such issues. End-on coordination of dinitrogen tends to result in weaker metal-N 2 interactions, owing to the poor σ-donor and π-acceptor characteristics of N 2 . Coupling η 1 -N 2 ligands with external reducing equivalents can promote further N 2 activation and functionalization, and the potential of this strategy has been demonstrated with the catalytic production of ammonia by N 2 activation by using a molybdenum-based catalyst 21 .
Binding of carbon monoxide and carbonylation chemistry
Since the development of the Fischer-Tropsch process in the 1930s, the activation of carbon monoxide (CO) has been explored for the production of synthetic petroleum with a variety of transition-metal complexes. Despite this fact, little is known about the reactivity and activation of this small C 1 molecule by actinide elements. Because uranium can form and stabilize charge-separated species, it has potential for the activation and functionalization of CO.
The earliest reported uranium complex of CO resulted from the exposure of [ , indicating the presence of significant U-CO π-backbonding. X-ray crystallography showed a linear U-C-O angle (175.2±0.6°) and a short U-C bond (2.383±0.006 Å), also indicative of a strong bonding interaction with the uranium centre. The C-O distance of 1.142±0.007 Å is similar to that in [(Cp*) 2 Ti(CO) 2 ] of 1.149 Å (ref. 24) . Fig. 2b ). The reaction is thought to occur by nucleophilic attack of a charge-separated [((
] fragment on the coordinatively unsaturated uranium(iii) centre in 8. X-ray diffraction revealed a bridging end-on coordination mode of the isocarbonyl ligand, with a short U-C bond and a longer U-O interaction. Crystallographic disorder of the carbonyl ligand, however, prevents the determination of reliable distances of the bridging CO ligand and consequently precludes assessing the degree of activation by this metric.
The previously mentioned complexes have demonstrated the first important step in a metal-mediated catalytic process, the ability of the uranium ion to coordinate and activate the substrate (CO). Subsequent formation of new bonds has been realized by addition of CO to a family of metallocene-inspired uranium complexes. Exposure of the mixed metallocene complex [(η Fig. 2d ). Carbon-carbon bond formation has also been demonstrated by the insertion of CO into uranium-carbon bonds. Carbon monoxide inserts into the U-C alkyl bond of [ (13) , which features an exocyclic vinyl group derived from CO insertion and methylene migration 33 ( Fig. 2e) . The polarized U-C bond and inherent ring strain in 12, coupled with the strength of the U-O bond in 13, provide a thermodynamic driving force for this chemistry. Insertion of CO into the U-C multiple bond of [(Cp) 3 U(=CHPMePh 2 )] also generates the tetrahedral β-ketoylide derivative [(Cp) 3 U(η 2 -COCHPMePh 2 )] (14), featuring an η 2 -CO fragment 34 . In 14, the C-O bond length of 1.27±0.03 Å, the P-C distance of 1.77±0.02 Å and the C-C distance of 1.37±0.03 Å suggest a delocal ized structure modelled by two resonance structures (Fig. 2f) . Carbonylation chemistry has also been described with the insertion of CO into uranium-nitrogen bonds 31 . Clearly, CO can interact with uranium complexes in a variety of modes. The ability of uranium not only to activate the coordinated CO fragment but also to functionalize it indicates that uranium may be a viable metal for catalytic CO transformations, provided that the carbonylated organic fragments can be removed from the metal centre.
Complexes and reduction of carbon dioxide
Carbon dioxide (CO 2 ) is a favourable C 1 source because of its low cost and availability, but its thermodynamically stable double bonds must be reduced for it to serve as a practical building block. Transition-metal catalysts have been used for CO 2 activation 35, 36 , but using uranium instead may offer previously unavailable modes for fixation of this key small molecule.
Derivatization . Reduction is further supported by crystallographic evidence showing that the coordinated and terminal O-C distances differ. The O-C bond length of 1.122±0.004 Å for the unit directly coordinated to the uranium centre is in the range expected for a double bond. However, the terminal O-C bond distance of 1.277±0.004 Å is much longer, indicating that activation has transpired. The crystallographic evidence, supported by spectroscopic studies, confirms the formulation of 18 as a chargeseparated uranium(iv) species, U(iv)-L
•− (L = ligand), with a resonance-stabilized radical within the U-OCO unit 40 . This exemplified ability of uranium to form stable charge-separated species may be an important mediator for the stabilization of reactive intermediates in catalytic transformations and is a distinguishing factor from d-block element chemistry. 
Activation of azides and amines
Reactions of azides (as RN 3 or N 3 − salts) with metal complexes have been explored extensively because they represent a frequent entry point to the synthesis of metal imido or nitrido complexes. Typical metal azido species can be converted to nitrido fragments through photolysis or thermolysis to facilitate loss of dinitrogen. Uranium nitride complexes are of particular interest because the expected polarity within the U-N moiety should impart enhanced reactivity. This attribute may facilitate the synthesis of N-functionalized small molecules within the coordination sphere of uranium by means of N-atom transfer reactions or aziridination 42 . Uranium azide and nitride species are also significant because of their proposed use in nuclear fuel cycles. Binary uranium nitrides have advantages over other nuclear fuels because they are dense, uranium-rich materials with high thermal conductivities and can function at high temperatures (20) containing alternating nitrido and azido linkages 44 ( Fig. 4a) . The nitride bridges have short U-N distances within the double-bond length range (from 2.047±0.006 Å to 2.090±0.008 Å). Infrared spectroscopy identifies the azide ligands with an intense absorption at 2,100 cm −1 . The formation of 20 occurs by reduction of four azido units by eight uranium(iii) centres to afford four nitrido ligands. Mixed uranium azide/nitride cluster formation has also been demonstrated by the reaction of UI 3 (THF) 4 45, 46) . At the core of each monomeric unit is a distorted tetrahedron composed of four uranium(iv) ions, one at each vertex, a nitride ligand that occupies a bridging position at the approximate centre of the tetrahedron, and eight azide ligands that bridge the uranium vertices in an end-on manner. Remaining coordination sites at uranium are occupied by iodide and acetonitrile, whereas caesium cations enforce the polymeric structure by bridging iodide ligands of adjacent tetrahedral clusters. These azide derivatives can be compared to the classic monomeric metallocene-based uranium bis(azide),
Azide activation is also observed on addition of organic azides to low-valent uranium complexes, which additionally generates highvalent monomeric uranium imido complexes through N 2 extrusion. (Fig. 4b) . Interestingly, the carbodiimide can be released from the uranium centre in 23 by addition of methylene chloride, generating the uranium(iv) chloride, [(( Ad ArO) 3 tacn)U(Cl)] (24), along with MeN=C=NCH 2 Cl (Fig. 4c) by reaction with AgOTf (Tf = CF 3 SO 2 ) (ref. (Fig. 4c) .
Hydrocarbon activation
Activation of simple alkanes to form more complicated, desirable products continues to be a challenge in catalysis. The strong C-C and C-H bonds often must be activated and functionalized for elaboration into industrially relevant molecules. Previous work has shown that actinides such as thorium are capable of such reactivity through a σ-bond metathesis route 60, 61 , and more recently activation with uranium has been observed. either methane or toluene, respectively, and a uranium(iv) centre coordinated in an η 2 -manner by an activated pyridine-N-oxide [64] [65] [66] (Fig. 5b) . One alkyl group is retained, producing the cyclometallated complex [(Cp*) 2 (Fig. 5c ).
An example of C-H bond coordination to uranium was demonstrated by addition of cyclic alkanes to 8, providing the first crystallographically characterized example of a C-H bond interacting with a uranium centre 70 .
The uranium-methylcyclohexane complex [(( t-Bu
ArO) 3 tacn)U(C 7 H 14 )] (C 7 H 14 = methylcyclohexane) has a uraniumcarbon distance of 3.864 Å and short contacts between the peripheral t-butyl groups and the axial alkane ligand (from 2.12 Å to 2.71 Å). The uranium-carbon distances are less than the sum of the van der Waals radii for a U-CH 2 or U-CH 3 contact (3.9 Å) and suggest a bonding interaction between the alkane and the U centre. X-ray diffraction analysis at 5 K allowed the refinement of all hydrogen atoms and established an η 2 -C,H coordination of the alkane ligand. This snapshot of an alkane interacting with a uranium centre may provide insight into the type of molecular architecture needed for catalytic C-H activation with uranium ions.
Reactions consuming or producing H 2
The binary uranium(iii) hydride, UH 3 , reduces select substrates, such as PhBr, PhNO 2 and Ph 3 AsO, in moderate to good yields; however, the polymeric nature and consequent low solubility of UH 3 limit its utility for most synthetic applications 71 . Complexes featuring reactive U-H bonds offer advantages over UH 3 such as increased solubility, and have therefore been applied more extensively. The synthetic utility of hydride complexes derived from the [bis(Cp)uranium] framework has been clearly demonstrated 9 . These compounds perform stoichiometric and catalytic hydrogenation of unsaturated substrates, with activities comparable to or exceeding those of related transition-metal-based hydrogenation catalysts. Treatment of the uranium alkyl complex 15 with H 2 results in hydrogenolysis of the uranium-carbon bonds to generate the corresponding uranium dihydride dimer, [{(Cp*) 2 into the U-H bond. This reaction has been coupled with hydrogenolysis of the resultant uranium alkyl complex to catalyse the hydrogenation of terminal alkenes and internal alkynes 4 (Fig. 6a) . In a reaction that is unique to uranium, thermolysis of the uranium(iii) hydroxide dimer [{(Cpʹʹ) 2 2 ], followed by elimination of H 2 to deliver the observed product. The overall process may be termed 'oxidative elimination' and is a rare counterpoint to the canonical oxidative addition and reductive elimination processes observed across the periodic table.
The catalytic reduction of organic azides and hydrazines to the corresponding amines has been achieved by using [(Cp*) 2 U(NR) 2 ] (35, R = Ph; 36, R = Ad) and H 2 (ref. 74) (Fig. 6b ). Treatment of 36 with H 2 leads to clean, quantitative reduction to a bis(amido)uranium(iv) complex, [(Cp*) 2 U(NHAd) 2 ] (37). In the presence of AdN 3 , 37 is oxidized to 36 and both AdNH 2 and N 2 are formed. The catalytic reduction of AdN 3 to AdNH 2 was thus achieved by heating a mixture of 34 and excess AdN 3 under an atmosphere of H 2 . When 35 or 36 is treated with N,Nʹ-diphenylhydrazine, a 2:1 ratio of aniline and azobenzene are observed as the only organic products, and the starting bis(imido)uranium(vi) complex is completely recovered. Coupled with the absence of any observable intermediates, this suggests a mechanism that lacks U-N bond scission. Rather, the imido ligands mediate H-atom transfer to N,Nʹ-diphenylhydrazine while exploiting the U(iv)-U(vi) redox couple.
Liberation of H 2 from uranium hydride complexes has been coupled to the multi-electron reduction of various substrates, in which both metal-based and ligand-based reducing equivalents are used 75 (Fig. 6c) . The nature of the substrate being reduced guides whether oxidation of uranium(iii) to uranium(iv) or uranium(vi) occurs. For example, 34 reacts with four equivalents of PhEEPh (E = S, Se) to furnish [(Cp*) 2 U(EPh) 2 ] (38) and H 2 (one equivalent), an overall four-electron process. The reaction of 34 with three equivalents of COT forms [{(Cp*)(η 8 -COT)U} 2 (μ-COT)] (39), H 2 (one equivalent) and the organic coupling product (C 5 Me 5 ) 2 , an overall six-electron process. The reaction of 34 with azobenzene leads to the bis(imido) complex 35 and H 2 (one equivalent), an overall eight-electron process. In all cases, the same reactivity is observed when 33 is used instead of 34, where initial loss of H 2 from 33 generates 34 before substrate reduction. These results highlight the strongly reducing nature of low-valent uranium complexes, the ability of uranium-bound hydride ligands to be reducing equivalents, and the importance of accessible high-valent states for the resultant uranium complexes.
Reactions of unsaturated groups and polymerizations
Uranium chemistry for both stoichiometric and catalytic reactions of unsaturated functional groups has attained a high level of sophistication in recent years. The kinetic, thermodynamic and mechanistic factors that govern these useful transformations have been extensively reviewed 10, 11 . As researchers continue to refine their understanding of the factors that influence the chemoselectivity and regioselectivity of these reactions, their usefulness for opening routes to valuable organic synthons such as enynes, imines, alkynylimines and vinylsilanes increases.
The dimethyluranium(iv) complex 15 is as a convenient precatalyst for the oligomerization of terminal alkynes. Addition of an alkyne, RCϵCH (two equivalents), leads to rapid loss of methane and formation of the catalytically active bis(acetylide)uranium complex, [(Cp*) 2 U(CϵCR) 2 ] (40). In the presence of excess alkyne, 40 catalyses the formation of the geminal 2,4-disubstituted-1-butene-3-yne dimer (41) and the (E,E)-1,4,6-trisubstituted-hexa-1,3-diene-5-yne trimer (42) (refs 76, 77) . The dimer 41 is generated by 1,2-insertion of alkyne into the U-C bonds in 40, forming the bis(dienyl)uranium intermediate 43. Subsequent σ-bond metathesis with an additional two equivalents of alkyne regenerates 40 and releases 41 (Fig. 7a) . The trimer is generated by 2,1-insertion of alkyne into the U-C bonds in 43 to generate intermediate 44, followed by alkyne σ-bond metathesis to regenerate 40 and release 42 (Fig. 7b) . Alkyne cross-oligomerization is achieved when mixtures of alkynes are used 78 . In either case, the regioselectivity of the reaction is governed by steric interactions between the substituent on the incoming alkyne and the ancillary ligand framework or the dienyl fragment. The triamidouranium(iv) complex [(Et 2 N) 3 U][BPh 4 ] also catalyses the oligomerization of terminal alkenes to the geminal enyne dimer and higher oligomers 79 . The regioselectivity profile of the reaction is reversed when performed in the presence of primary amines, RʹNH 2 . The product oligomer distribution for the reaction varies depending on the nature of R and Rʹ, and in certain cases is highly selective for cis-enyne dimer formation . For 15, σ-bond activation leads to the tautomer-stabilized uranium enolate complex, 45, which reacts with excess monomer to provide polymers with high molecular masses and low polydispersity (Fig. 7c) . In addition to demonstrating that industrially relevant polyester syntheses can be catalysed by uranium complexes, these results most importantly show that the oxophilic nature of uranium is not necessarily an insurmountable thermodynamic barrier to achieving turnover in catalytic reactions involving intermediate U-O bonds.
Hydroamination and hydrosilation
The activation of amine N-H bonds with uranium complexes leads to a range of uranium imido and uranium amido complexes relevant to hydroamination catalysis and beyond. 85 . At elevated temperatures, 47 and 48 enter an equilibrium with the monomeric uranium(iv) imido complex, [(Cpʹʹ) 2 U(NR)] (50, R = Me; 51, R = p-tolyl), by eliminating an equivalent of the corresponding primary amine. The less sterically crowded 15 has similar reactivity; however, only with larger substituents at the amine does the equilibrium between bis(amido) and imido complexes become apparent 86 . Activation of ammonia has been observed with [(η (Fig. 8b) . The mechanism is thought to involve an inter mediate imidouranium(iv) complex, [(Cp*) 2 U(NR)] (54), in which the imido ligand is derived from the primary amine as described above. Subsequent 2,1-insertion of alkyne into the U-N bond leads to an azametallocyclobutene intermediate (55) , which reacts further with free amine to release the organic product and regenerate 52. This mechanism is analogous to that described for the hydroamination of alkynes with [(Cp) 2 80 . Varying the amines in this case affects the stereochemistry of the product, and more bulky amines provide a mixture. The constrained-geometry catalyst, (CGC)U(NRRʹ) 2 (CGC = Me 2 Si(η 5 -Me 4 C 5 )(t-BuN); R, Rʹ = Me, Et), is an efficient precatalyst for the catalytic intramolecular hydroamination and cyclization of aminoalkenes, aminoalkynes, aminoallenes and aminodienes 89, 90 . The catalyst's efficiency is attributed to the steric accessibility of the uranium centre as enforced by the constrained geometry; the catalyst is stabilized throughout the reaction by the coordination of free amine.
Hydrosilation of terminal alkynes with phenylsilane has been achieved with 15 as a precatalyst 
Conclusions
The stoichiometric transformations presented here satisfy the first two criteria for catalysis: the binding and subsequent reaction of substrate. The third criterion, release of the newly functionalized product, presents the greatest challenge to the expanding field of catalysis with uranium. Successfully turning over a catalytic cycle requires a careful balance of bond dissociation enthalpies among participants along the reaction coordinate. The tendency of uranium ions to form very strong bonds to hard, anionic ligands, just the sort of ligands that are formed in the reductive activation of small molecules, often results in a thermodynamic well from which extricating the functionalized product and regenerating the uranium catalyst are difficult. This problem may
[(Cp'') 2 U(NHR be circumvented in several ways. Ancillary ligands designed to inhibit optimal coordination of substrate to uranium can help to destabilize intermediate complexes, thus allowing the product to disengage from the uranium centre more readily. Another approach casts uranium as a stoichiometric participant in a domino catalysis reaction, by which a non-uranium-based catalyst effects the release of the functionalized substrate and returns the uranium complex to its initial reactive form 93 . Although not catalysis with uranium in the strictest sense, this approach would allow the unique stoichiometric reactivity of uranium to be incorporated into overall catalytic processes. Indeed, the possibilities offered by using uranium complexes in concert with other metals to activate otherwise unreactive uranium-ligand bonds were recently demonstrated by Polly Arnold and co-workers 94 : a uranyl complex was coaxed into cleaving C-Si and N-Si bonds by polarizing the [UO 2 ] 2+ core with coordinated potassium cations.
The study of catalysis with transition-metal-based systems is by comparison a mature field, one from which many benefits have been derived. Research on uranium catalysis, although much less developed, has already led to application in industrial settings 95 . In part, a reluctance to embrace uranium for scientific and technological applications can be traced to anti-nuclear public sentiment; to this objection we respond that depleted uranium is only weakly radioactive and can be manipulated safely in macroscopic quantities by trained individuals. Ultimately, establishing the utility of uranium complexes for common synthetic applications depends on demonstrating that uranium catalysts offer practical advantages not found among the transition metals. Compelling arguments for the application of uranium-based catalysts may lie in the functionalization of inert small molecules such as N 2 , CO and CO 2 under mild conditions. This chemistry lies at the very forefront of the field, and many questions about the reactivity of these and other uranium complexes remain to be answered. Only by charting the reactivity of known molecular uranium systems, and by creating new ones, can chemists identify ideally suited applications in catalysis for this unique and abundant element. In the course of this endeavour we may contemplate a satisfying transformation: that of waste product to valuable catalyst.
■

Note added in proof:
Multiple bond metathesis chemistry with CO 2 has also been observed for uranium(v) imido complexes with the [(( R ArO) 3 tacn)] ligand set, forming the uranium(v) terminal oxo species via extrusion of free isocyanate 96 . Using such high-valent uranium precursors for the synthesis of terminal oxo functionalities eliminates the decomposition and dimerization reactions observed when the previously reported low-valent uranium(iii) analogues were treated with CO 2 or traditional oxygen-atom transfer reagents.
